I. INTRODUCTION
Doped perovskite manganites have been a focus of intensive study ever since the discovery of colossal magnetoresistance, on account of their complex physics and potential applications.
1 Several experimental reports show that potentially charge-ordered antiferromagnetic (AFM) manganites behave differently in the bulk and in nanoparticle form. [2] [3] [4] [5] [6] [7] [8] For example, the charge ordered, antiferromagnetic state in La 0.5 Ca 0.5 MnO 3 nanoparticles may be suppressed, leaving a ferromagnetic (FM) state with a reduced moment. 4, 7 The mechanism for stabilization of ferromagnetism is a topic for debate, but suggestions include surface effects (core/shell models), 2,3,9,10 surface hydrostatic pressure, 7 and intrinsic structural distortions. 8 Exchange coupling at an AFM/FM interface tends to induce unidirectional exchange anisotropy when the sample is cooled through the N eel temperature of the AFM component in the presence of static magnetic field. 11, 12 The exchange anisotropy causes a shift in the magnetic hysteresis loop which is known as exchange bias (EB). 12 Recently, EB has been found in manganites that are phase separated 13, 14 or cluster spin-glass-like, 15 and in nanoparticles 3, 16, 17 or AFM/FM manganite thin film structures. 18, 19 While many studies are focused on half-doped, chargedordered AFM manganites, there is no systematic study of the magnetic properties of La 1-x Sr x MnO 3 nanoparticles for x > 0.5. In this letter, we present unusual ferromagnetic properties and exchange bias in La 0.45 Sr 0.55 MnO 3 (LSMO) nanoparticles. Both DC magnetization and AC magnetic susceptibility measurements show the existence of a disordered magnetic state with a net ferromagnetic moment at low temperature. The effect of cooling field (CF) on the loop shift, coercivity, and remanence asymmetry at 5 K has been investigated. The magnitude of the EB field decreases strongly with increasing CF, which is in contrast with the behaviour of conventional FM/AFM EB systems.
II. EXPERIMENTS
Nanoparticles of LSMO were prepared by a sol-gel method. 20 The X-Ray diffraction analysis confirms that the samples are single phase with no detectable secondary phases; the crystal structure is tetragonal with space group I4/mcm. Transmission electron microscopy (TEM) shows a nearly homogeneous particle size distribution; high resolution TEM confirms the crystalline nature of the nanoparticles. Magnetic properties were studied using a Quantum Design MPMS 5 T SQUID magnetometer and an AC magnetic susceptometer (Lake Shore, model 7000). The magnetization at 5 K first increases with particle size from 1.0 l B / Mn for 16 nm to 1.5 l B /Mn for 36 nm before falling abruptly in larger particles, 21 which have an A-type antiferromagnetic spin structure. 22 We focus on the particles with 2r ¼ 16 nm.
III. RESULTS AND DISCUSSION
Figure 1(a) shows the temperature dependence of magnetization of the 16 nm particles, in zero field cooled (ZFC) and field cooled (FC) modes in applied fields of 5, 50, and 500 mT. The Curie temperature of the sample is close to room temperature. The ZFC and FC curves bifurcate upon decreasing temperature in a field that is considerably greater than the coercivity at that temperature, indicating the onset of a magnetization blocking process. The blocking temperature (T B ) decreases with increasing magnetic field due to its stabilizing effect on the ferromagnetic moment. The FC magnetization of the sample increases with decreasing temperature below T B , which is normal for a superparamagnetic systems. 23 The temperature dependence of the AC magnetic susceptibility v 0 ðTÞ around T B , which is depicted in Fig.  1 (b), shows a peak which is frequency dependent and shifts to higher temperature on increasing frequency. This is also a superparamagnetic characteristic. 20 Unlike single crystal and bulk samples of LSMO, [24] [25] [26] Figure 1(c) shows the magnetization of the sample at different temperatures. It should be noted that it is far from saturated even in 5 T and varies almost linearly with magnetic field for l 0 H > 1 T, suggesting that the ferromagnetism is due to spin canting in an underlying antiferromagnetic structure. Collinear saturation would need an extrapolated field of 70 T, which gives the order of magnitude of the antiferromagnetic exchange coupling. The saturation magnetic moment, m s , of the manganese versus temperatures is shown in Fig. 1(d) where it is seen to increase on decreasing temperature reaching the value of 1.0 l B /Mn at 5 K, just 29% of the 3.45 l B /Mn, expected for a collinear ferromagnetic structure, but much higher than the values reported for bulk and single crystal of LSMO. [24] [25] [26] If the ferromagnetism was completely concentrated in the core of the particle, the core would have a diameter of 10.4 nm, but if there was a collinear ferromagnetic outer shell, it would have a thickness of 0.9 nm.
The magnetic properties of mixed-valence manganites are usually described in terms of competing double exchange (DE) and super exchange (SE) interactions.
1 In bulk tetragonal manganites with x ! 0.5, the DE interaction mediates ferromagnetic coupling between Mn 3þ and Mn 4þ ions within the ab plane and the SE interaction produces out of plane antiferromagnetic coupling along the c axis, resulting in the A-type antiferromagnetic ground state. 24, 25 A canted ferromagnetic structure with a net moment 1 l B /Mn has slightly higher energy, but it can be stabilized by entropy if the canting is random. However, the antiferromagnetic state becomes increasingly unstable in small particles compared to the canted state. Since the surface/volume ratio increases as 1/r, it might be reasonable to model the nanoparticles in terms of an antiferromagnetic core and a canted, ferromagnetic outer magnetic shell, as shown in Fig. 2(a) . The observed moment is much too large to explain by truncation of the A-type antiferromagnetic structure by the nanoparticle surface. The conduction electrons may tend to be localized at the surface of nanoparticles because of band narrowing and the possibility of unconstrained Jahn-Teller distortion of the coordination shell of Mn 3þ . The spin structure would therefore tend to be more disordered in the outer shell than in the deeper layers, where DE is active. An alternative model of the magnetic nanoparticle is a more uniform randomly-canted state with a reduced net moment, and local spatial fluctuations of the magnetization, as illustrated in Fig. 2(b) . The nanoparticle contains small canted ferromagnetic clusters in an antiferromagnetic matrix.
To test the models, we have measured the hysteresis loop of the sample at 5 K in both the ZFC and FC states. For the ZFC mode, the sample was cooled in zero field from 300 K to 5 K. For the FC process, the sample was cooled in 65 T magnetic field. Then, the saturated hysteresis loops were measured between 65 T. It can be seen in Fig. 3(a) that the ZFC magnetization shows a symmetric hysteresis loop with coercivity and remanence of 45 mT and 9.5 A m 2 kg À1 , respectively. The FC loops show asymmetry, exhibiting a shift along both the field and magnetization axes. Coercivity is enhanced in both þ5 T and À5 T FC loops compared to that in ZFC loop. The EB and coercive fields are defined as H EB ¼ (H 2 þ H 1 )/2 and H C ¼ (H 2 À H 1 )/2, where H 1 and H 2 are the negative and positive coercivity, respectively. Remanence asymmetry and remanence, which correspond to H EB and H C , 13 are defined as r EB ¼ (r 1 þ r 2 )/2 and r C ¼ (r 1 À r 2 )/2, respectively, where r 1 and r 2 are the positive and negative remanence, respectively. The values obtained for l 0 H EB , l 0 H C and r EB from the FC loops with magnetic fields (5 T, À5 T) are (À18.9 mT, 18.9 mT), (59.0 mT, 59.7 mT), and (2. 18 In the ZFC process for the structures of Fig. 2 , the magnetization of the partly ferromagnetic shell or clusters orients with the field, but at random relative to the antiferromagnetic cores of the nanoparticles. The exchange anisotropy is averaged out, and the ZFC loop does not shift. In the FC process, the ferromagnetic moment orients in the direction of the cooling field. Below the freezing temperature, the disordered interfacial spins are frozen with some of them aligned in directions determined by the field. When the measuring field is inversed, the FM spins start to rotate, but the interface spins can remain unchanged. The interface interaction exerts a microscopic torque on the FM spins and tries to keep them in their original orientation. Therefore a larger magnetic field is necessary to rotate the FM spins and the hysteresis loop shifts.
In the core/shell model of Fig. 2(a) , the size of the AF core should be practically independent of magnetic field, since the magnetization changes only slightly in 5 T, Fig.  1(c) . The interface area remains practically constant, so the system resembles the standard AF/FM exchange bias bilayer.
The EB is then expected to increase with cooling field, in the normal way. 12 Figure 3(b) shows the FC hysteresis loops of the sample recorded at 5 K with successive cooling at 1 T to 5 T. The variation of H EB , H C , r E and r C are plotted as a function of cooling field in Figs. 3(c) and 3(d) . A strong decrease in both H EB and H C is observed, in contrast to standard FM/ AFM systems. 27 In our case, the EB varies inversely with cooling field in the range 1-5 T so that
It can be noted that the vertical loop shift r EB also decreases with cooling field whereas the average remanence r C at 5 K is nearly constant at 15 Am 2 kg À1 , which is about half the saturation magnetization, Fig. 1(c) .
In a standard FM/AFM bilayer, the magnitude of H EB is given by 12
where e ex is the interfacial coupling energy, M S and t F are the saturation magnetization and thickness of the FM layer, respectively. The thickness of the antiferromagnetic layer should exceed a threshold value, and EB then falls off as the inverse of the ferromagnetic layer thickness. In a La 0.45 Sr 0.55 MnO 3 (80 nm)/La 0.67 Sr 0.33 MnO 3 (80 nm) bilayer, e ex was found to be 0.13 mJ/m 2 at 10 K. 18 The value of e ex deduced from the core/shell model of Fig. 2(a) . This value is not much altered if a thicker ferromagnetic surface layer with canted spins is involved, since it is the product M s t F that appears in Eq. (2).
The core/shell model of Fig. 2(a) does not explain the five-fold decrease of H EB when the field is increased from 1 to 5 T. Obviously, the high-field magnetization process has the effect of destroying the exchange bias in the nanoparticles. This can be understood with the cake/currant cluster model of Fig. 2(b) , if the magnetization process involves coalescence of the canted, ferromagnetic clusters. The exchange bias is proportional to the interface area, which decreases as the clusters coalesce. If the ferromagnetic volume V is divided into n spherical clusters, the EB field
where M is the magnetization of the ferromagnetic regions. The decrease of H EB is associated with a 100 fold decrease in n, from many clusters having $100 atoms in the 1 T FC state to only a few large clusters in the 16 nm nanoparticles in the 5 T FC state. The value of e ex is therefore approximately 0.01 mJ/m 2 . The decrease of H EB by CF is also is consistent with Monte Carlo simulation and experimental results of EB systems having a spin glass component. 14, 15, [27] [28] [29] 
IV. CONCLUSIONS
In conclusion, we find a relatively strong FM moment at low temperatures (%1.0 l B /Mn) in 16 nm LSMO nanoparticles, unlike that observed in single crystals and bulk 
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polycrystalline LSMO. Local disorder and surface effects change the competition between double exchange and superexchange interactions; consequently randomly oriented canted ferromagnetic regions form in an underlying antiferromagnetic state. Two models are considered for the spin structure of the nanoparticles, but only the cake/currant model with many small ferromagnetic clusters in the antiferromagnetic matrix of a nanoparticle is consistent with the strong decrease in EB observed with increasing CF. The exchange interaction at the interfaces of the canted ferromagnetic regions induces unidirectional anisotropy and leads to the loop shift. In large cooling fields, the interface area between ferromagnetic and antiferromagnetic regions decreases as the cluster coalesces, thereby weakening the EB. 
